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ABSTRACT 
THE FUNCTIONAL RESPONSE TO FLUCTUATIONS IN WATER 
QUALITY OF INDIGENOUS PERIPHYTIC ALGAL 
POPULATIONS COLONIZING TUBULAR 
SUBSTRATES IN LOTIC WATERS 
(May 1983 ) 
Bruce Edward Tease 
M.S., University of Massachusetts-Amherst 
Directed by: Dr. Robert A. Coler 
A procedure for monitoring water quality in lowland 
brooks and streams is proposed. Alterations in an algal 
community's capacity to generate O2 under varied conditions 
indicated a graduated biological response to water quality. 
The magnitude and direction of these changes were inter¬ 
preted as justification for further, more detailed testing. 
Two streams in Amherst, Massachusetts were selected to 
determine the practicality, sensitivity and reproducibility 
of the tubular artificial substrate technique as an index 
of both cultural eutrophication and toxicity. 
The Fort River was selected to study the protocol's 
sensitivity to a tertiary sewage treatment discharge. Two 
sets of substrates were deployed in the stream above and 
below the outfall to be eventually colonized by indigenous 
v 
tycoplankton. The 1.8 fold enhancement in 02 generation by 
the algal community below the outfall was attributed to 
nutrient enrichment. 
Coal leachate seepage into Taylor Brook served to ex¬ 
plore the algal community's response to toxicity. Tubular 
substrates were colonized by the indigenous periphyton of 
a clean water tributary of Taylor Brook. One set (3 repli¬ 
cates) of tubes was subsequently transferred to the brook 
while the other remained in the tributary as the control. 
Oxygen evolution in the Taylor Brook set precipitously 
dropped 85% in 5 days and was eliminated after 10 days. 
Periphyton respiration, though not eliminated, proved to 
be suppressed at the close of the exposure period. An 
investigation into the chemistry of Taylor Brook uncovered 
low pH's (x=4.4) and abnormally high aluminum concentra¬ 
tions (x=3«8ppm) as probable sources of stress. 
Substrate productivity was computed from the differ¬ 
ential generated between influent and effluent dissolved 
oxygen concentrations. Oxygen evolution was recorded as 
2 
mg/l, converted to ug/sec and mg/m /hr for comparison 
between assays and referenced research. Despite the greater 
quantity of 0generated in the larger field substrates 
(more biomass), smaller diameter substrates with an in- 
hanced surface area to volume ratio, and thus less dilution 
provided a favorably greater DO differential. Larger aif- 
vi 
ferentials permitted greater sensitivity in the detection 
of stressed conditions, 
A laboratory version of the protocol lessened the 
degree of variability between substrates, served to verify 
field observations and permitted exposure of the substrate 
community to amended test water. An assay with Taylor Brook 
water indicated that though the impact of aluminum and pH 
was dramatic, pH alone was sufficient to eliminate produc¬ 
tivity and depress respiration. Long term exposures 
(1 month), at a constant light intensity of 500 ft-c, 
revealed daily oscillations in 02 evolution but of lower 
amplitude than observed in the field. 
The technique’s capacity to assay cultural eutrophica¬ 
tion, pH and aluminum toxicity offers promise as a sensitive 
inexpensive tool to routinely evaluate lotic environments, 
in the field as well as in the laboratory. The option to 
alter physical conditions and amend test waters in the 
laboratory, expanded its versatility to assess the bio¬ 
logical response to stressed conditions. 
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INTRODUCTION 
Streams and brooks traverse forests and crop lands 
across the country, accounting for an important supplement 
to our larger rivers. Aquatic life, as well as terrestrial 
wildlife evolve around the reach of the lowland brook. Per¬ 
haps of more economic importance, these small tributaries 
are fundamental to livestock and farmers who rely heavily 
on the continued supply of potable water. Unfortunately, 
these small but significant systems are prone to contamina¬ 
tion from a variety of "villains". Leachates from dump sites 
past and present, inevitably make their way to stream banks, 
depositing an endless array of heavy metals, pesticides and 
toxic chemicals. Heavy rains transport leachable pollutants 
from soil to stream, with non point-source runoff introduc¬ 
ing similar pollutants. Monitoring these numerous low order 
tributaries for hazardous contaminants is an insurmountable 
task. Inaccessibility to many lotic habitats restricts the 
application of appropriate sampling strategies. Consequently 
a sampling regime is often established based on convenience 
rather than necessity. For a continually flowing system 
receiving pollutants intermittently, a random sampling 
sequence often provides inaccurate results. 
1 
2 
The intention of the author was to develop an appro¬ 
priate procedure based on variations in relative net pri¬ 
mary productivity between two locations (test and control) 
in monitoring rural lotic systems for stress and nutrient 
enrichment. Cultural eutrophication and toxicity encompass 
the range of concerns vital to water pollution control. 
These problems were explored to determine the practicality 
and sensitivity of the tubular artificial substrate tech¬ 
nique, in the field as well as in the laboratory. This 
procedure should prove to be most attractive to pollution 
control agencies because of its sensitivity, mobility and 
economy. 
LITERATURE REVIEW 
Lotic monitoring practices generally employ water 
chemistry and ecological analyses as inventory tools. 
Appropriate parameters such as phosphorous, nitrogen, 
inorganic carbon, pH, dissolved oxygen and toxic materials 
reflect the general abiotic condition of a system. The 
biotic community (periphyton, macrophytes, macroinverte¬ 
brates and fish) is comprised of individuals whose basic 
life requirements are interfacing with the present abiotic 
condition (Whitton,1975)• Unfortunately, most water chemis¬ 
try analyses base measurements on isolated sporadic sam¬ 
pling events. For a continually flowing system, receiving 
an intermittent discharge of pollutants, a periodic 
sampling regime often generates ambiguous data. An exorbi¬ 
tant effort must be made to thoroughly sample such a system 
to obtain realistic results. Consequently, stream monitor¬ 
ing practices heavily rely on structural comparisons 
(composition and distribution) of biotic communities. 
Diversity indexes are designed to relate the extent and 
proportion, biotic communities respond to stressed condi¬ 
tions. The response to pollutants does not reflect isolated 
exposures, but rather the composite of a total exposure 
over an extended period of time. 
3 
The response of lotic algae to stress has becone a 
najor focus in stream monitoring practices. The periphytic 
algal populations of lotic habitats have been exploited as 
indices of water quality since Kolkwitz and Marsson (1908) 
resorted to then in their Saprobien Systen. This is in a 
large neasure due to their unique role as virtually the 
sole components of the lotic community with the capacity to 
accumulate nutrients or toxicants. The emphasis in diagno¬ 
sis has since shifted, however, from structural to func¬ 
tional aspects of algal communities (Cairns et ai,l97j; 
Cummins,; Cdum,19c~ with photosynthesis and respira¬ 
tion the most responsive parameters at the ecosystem level 
(Odum,197?). Estimating a metabolic response tc various 
water quality parameters permits correlating chemical con¬ 
ditions to biological effects. 
Primary productivity in lotic systems has been studied 
through a wide variety of techniques, direct analyses such 
as the open stream diurnal method (Cdum,1956), the Liebig 
cooling tubes for periphyton O2 production on aquatic mac¬ 
rophytes (Assman, 1953) and the enclosed plexiglass sky¬ 
light dome, anchored to the stream bed (Fennak £ Lave11e, 
1979) base results on the natural system. Analyses such as 
chlorophyll determination (McConnell,1959; Waters,1961), 
tracer techniques (Zlwood £ Nelson,1972), assays of ALP 
levels Holm £ Hansen,1973) and mathematical modeling 
5 
(Kelly,1974) indirectly provide insights into primary pro¬ 
ductivity. 
Unfortunately, communities vary between locations due 
to a host of uncontrollable environmental prerequisites 
(i.e. substrate composition & solar radiation). Thus the 
exploitation of naturally occuring communities as indicators 
of stress or primary productivity analysis, appears to be 
of limited practicality. Methods to overcome this limitation 
include artificial substrates (Hentschel,1916; Patrick, Holn 
& Wallace,1954; Tippett,1970; Lampkin,1982), laboratory 
stream tables (Mclntire et al,1964j Gerhardt et al,1977), 
productivity/respiration chambers (Thomas,1966; Pfeifer,1975 
Marker,1976) and the algal assay procedure* bottle test 
(U.S. EPA,1971)• Essentially these procedures allow the 
investigator to measure particular lotic parameters with 
the advantage of maintaining a degree of control over envi¬ 
ronmental variables. However, there exists the tendency of 
failing to mirror the natural habitat that these artificial 
systems attempt to model (Mcltire,1975)• One must weigh the 
reproducibility gained from these procedures against the 
potential loss in applicability to field conditions. 
Several reviews of methods and measurements of algal 
productivity in stream habitats supplement the existing 
literature with variations on the original works (Vollen- 
weider,1969; Weitzel,1979; Sladeckova,1962). The decision 
6 
regarding which procedure to use depends on the specifica¬ 
tions of the situation as well as the preference of the 
researcher. 
OBJECTIVE 
Primary productivity is important not only in the 
bioenergetics of the lotic ecosystem but also as a bio¬ 
logical indication of the extent of stress imposed on the 
community. A review of the literature indicates a variety of 
methodologies have been evolved to measure this unique para¬ 
meter. Despite the numerous procedures available, most can 
be categorized into two groups: structural and functional. 
Structural techniques evaluate the diversity and richness 
of a community but require great time and expertise in 
enumeration and identification. Functional protocols pro¬ 
vide valuable insight, not only into what type of organisms 
predominate, but into their metabolic behaviour as well. The 
apparatus developed, however, for such analyses become 
highly specialized as well as expensive. Pollution control 
agencies, very often can not afford the manpower nor the 
monetary expense required to implement an adequate lotic 
monitoring program. Accordingly, the objective of this 
research was to: 
1) Develop a simple, inexpensive field method for 
detecting the response of periphytic algal 
7 
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communities to impaired water quality. 
2) Determine the practicality, sensitivity, 
versatility and the statistical reliability of 
the technique by assaying the eutrophication 
potential of a tertiary sewage treatment facility 
on the Fort River and the toxicity of acidic coal 
leachate in Taylor Brook. 
3) Investigate the feasibility of incorporating the 
field technique into a controlled laboratory 
regime to confirm conclusions generated in the 
field. 
PROCEDURE 
4.1 Study Area 
Two streams in the Amherst, Massachusetts area were 
chosen for study sites. Both streams meander through prime 
Connecticut River Valley farm lands and provide a critical 
water supply for dairy and agricultural farming. 
The Fort River (Fig. 1) head waters originate in the 
Pelham Hills, as a stoney mountain trickle (42 18* N, 
72 30* W). After a 30 km passage through mixed hardwood 
forests, cultivated fields and grazing lands, it enters the 
Connecticut River in Hadley, Massachusetts as a fourth 
order tributary. The study area was located at Amherst 
Fields, a small housing project isolated amidst grazing 
land and mixed hardwood forests, 15 km upstream from its 
confluence with the Connecticut River. The housing project 
possesses a tertiary sewage treatment facility, whose 
effluent sporadically enters the Fort River. It was this 
very pattern of flow that prompted the selection of the 
study site to test the protocol’s response to cultural 
eutrophication. Any attempt to extrapolate from river data 
generated by routine grab sampling would have yielded 
serious inconsistencies. Sampling sites were located 100 m 
above and below the sewage plant outfall. Both areas were 
9 
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essentially similar with respect to insolation, flow rate 
(6 cfs) and temperature. Water quality in the Fort River 
was generally good with dissolve:: oxygen consistently above 
5 ppm and a circumneutral pH. Conductivity (50-120 umhcs/ 
cm) was characteristic of unbuffered waters. Phosphate 
phosphorous averaged 0.025 ppm, nitrate nitrogen and 
chloride were less than 0.2 and 10.0 ppm, respectively. 
Turbidity was normally less than 5 JTU and the summer 
average water temperature was 20 C (Fischer,1977)• luring 
the test period, the total ? and N in the sewage outfall 
averaged 0.31 and 3i«^7 ppm, respectively (Table 1). The 
stream bed at the test and control sites consisted of fine 
grained sand and silt to small gravel areas. Eroding, 
three foot banks and fallen trees, together with dense 
terrestrial vegetation characterised the stream channel. 
Taylor Brook (Fig. 2) drains the foot hills surround¬ 
ing Hawley swamp, in North Amherst, Massachusetts ^iat. -2 
24* lM, long. 72 30* 10"). The brook in size is rather in¬ 
significant, with an average flow of less than 1 cfs (test 
area) and a total length of 5 km, where at its terminus, 
it joins Amethyst Brook forming the Fort River. During its 
short journey, the brook passes through agricultural and 
grazing land, utilized mostly by dairy cattle. The test 
area was located 2-3 km from its origin. It is in this area 
where the stream's physical, chemical and biological pro- 
11 
perties are greatly altered. The coal to fire the Univer¬ 
sity of Massachusetts' power plant is stock piled on a hill 
overlooking the test area. Taylor Brook passes 20 m below 
the coal pile where it receives leachate seepage (Taylor 
Brook Survey,1982). The test site was located downstream, 
1000 m from the coal pile, 50 m west of the point where 
Taylor Brook crosses Northeast Street. A clean, ground 
water fed brook enters Taylor Brook in this area on which 
the control station was situated 30 m above the confluence. 
The tributary is only .5 km in length, with a flow rate of 
approximately .3 cfs. The test and control stations were 
only 30 m apart, thus permitting a logistically manageable 
sampling regime. The shrubbery and young woody aspens bor¬ 
dering the streams were cleared at both sites to permit 
comparable insolation. 
"The surficial geology of the area was derived during 
the Pleistocene Epoch from glacial deposits and sediments 
of glacial Lake Hitchcock. The deposits, which the coal 
overlies, are mainly glacial, consisting of unstratified 
sand and gravel. This fairly porous material offers little 
hinderance to leachate movement, thus reducing the filter¬ 
ing capacity of the soil." (Taylor Brook Survey,1982). 
Swamp lands are located throughout the test area. Silt and 
sand together with occasional stretches of gravel make up 
the stream bed of Taylor Brook as well as its tributary. 
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zontal wooden supports lashed to stakes driven into the 
stream bed (Fig. 3)* Periphyton colonization was generally 
accomplished within 3 weeks. An average flow rate of 
3 ml/sec resulted from funnel deflection of stream flow 
through the tubes. The greater pressure head necessary for 
sample collection and flow rate measurement, however, re¬ 
quired raising the tube terminus slightly above the stream. 
A weir, constructed to provide a 2-4 cm head at the down¬ 
stream ends of the substrates (Fort River) facilitated 
these measurements by providing a continual pressure dif¬ 
ferential. Flow rates were adjusted by varying the head 
(raising or lowering tube terminus). In Taylor Brook, head 
was achieved by a 10 liter reservoir at the upstream end 
that was continually supplied with stream water (during 
sample collection) by a battery operated pump. A rubber 
tubing segment attached to the reservoir valve was succes¬ 
sively connected during the sampling regime to each of the 
substrates. A range of flow rates (0-14 ml/sec) could be 
achieved by adjusting the valve or height of the substrate 
terminus. The weir assembly provided flow rates ranging 
from 2-9 ml/sec. The reservoir system, with finer adjust¬ 
ment capabilities, provided a more consistent flow rate of 
6 ml/sec. This was determined to be well within the range 
of delivery rates (4-10 ml/sec), at which primary proauc- 
14 
tivity remained relatively independent of flow (Fig, 4), 
Flow rates were obtained with a graduated cylinder and stop 
watch. The dissolved oxygen (DO) concentrations were deter¬ 
mined by the Alsterberg Azide modification of the Winkler 
method. Rubber tubing was attached to each substrate end 
upon sampling. The tubing was thrust to the bottom of a 
BOD bottle and maintained there until twice the volume was 
displaced. Samples were immediately fixed and titrated in 
the field. Dissolved oxygen analysis performed on an un¬ 
colonized substrate provided an estimate of the influent 
oxygen concentration and accounted for any inaccuracies 
incurred by the technique. Measurement of community respi¬ 
ration was performed with a greater diameter black opaque 
plastic tube, of equal length that was slipped over the 
clear colonized substrates. 
Upon standardization of the field technique, the sys¬ 
tem was converted into a compact controlled laboratory 
version. Conclusions gathered in the field were then sub¬ 
jected to verification in the laboratory. The apparatus 
consisted of vertically hung glass tubing units (.3 cm i.d. 
x 366 cm) coiled into helices (10 cm x 70 cm) and colonized 
by stream periphyton. To establish the community in the 
coils, stream water was released through the coils for two 
weeks to achieve the desired colonization. A polyethylene 
55 liter carboy above the coils functioned as a reservoir 
15 
ana pressure head, supplying a flow of 10 ml/min. This was 
determined as the minimum delivery rate at which producti¬ 
vity remained independent of flow (Fig. 5). Sample collec¬ 
tion and flow rate measurement were similar to field proce¬ 
dures . 
According to Me Intire i* Fhinney (1965)» at lower light 
intensities (500 ft-c), photosynthesis is independent of 
temperatures between 8-21 C and CO- concentrations of 2-45 
ng/l, but sufficient to yield significant productivity. 
Therefore, a uniformly distributed light source of 500 ft-c 
was provided by two fluorescent lamps. At this intensity, 
significant alterations in productivity, due to CO- ana tern 
perature variations would be minimized. 
4.4 Field Collections 
Assay Water 
Control and test waters were collected for water chem¬ 
istry analyses and laboratory assays. Polyethylene carboys 
and liter containers were used to transport water back to 
the laboratory. The carboys were filled by a battery opera¬ 
ted pump, while liter sample bottles were simply immersed 
into the stream by hand. Carboys and sample bottles were 
previously washed with 5^ hydrochloric acid and rinsed with 
deionized waxer. 
16 
Chemical Analyses 
Water chemistry, temperature and light intensity were 
measured during the various assays to identify possible 
relationships between control and test community producti¬ 
vity variations. Stream water was collected during wet and 
dry periods to estimate the range of exposure conditions to 
the algal communities. Once a general baseline was estab¬ 
lished, wet chemical analyses were discontinued. Light in¬ 
tensity and water temperature, however, were performed on 
site during each substrate sampling sequence. 
The analytical procedures were derived from Standard 
Methods for the Examination of Water and Wastewater, 15 th 
edition (1980). These were* spectrophotometrie analyses of; 
ortho and total phosphorous, determined by the stannous 
chloride and persulfate digestion technique, nitrate and 
ammonia nitrogen by cadmium reduction and Nesslerization, 
respectively. Sulfate and aluminum were determined by the 
turbiaimetric procedure ana the Eriochrome Cyanine R method, 
respectively. Acidity (CC^)* alkalinity, hardness and 
calcium were determined titrametrically, while pK was tested 
with a Fischer, Accumet selective ion analyzer, model 750. 
17 
Biological 
Two sets (3 replicates) of artificial tubular sub¬ 
strates were utilized for each assay. After a 2-3 week 
period of periphyton colonization, the tubes were moni¬ 
tored for community structure, chlorophyll-a content and 
algal productivity. Tube sections 2 cm in length were re¬ 
moved from comparable portions of each tube at the start, 
middle and close of the testing period. Segments, placed in 
glass vials were set in a dark, ice packed container and 
quickly transported to the laboratory. Periphyton were dis¬ 
lodged from the sections for identification and enumeration 
determinations with a fine razor and placed in vials con¬ 
taining 10 ml of distilled water with Lugols* iodine as a 
preservative. Cell counts were performed by the Lackey drop 
(microtransect) counting method (APHA,1980). Glass fiber 
filter plugs were used to abrade periphyton from the tube 
sections for the spectrophotometric determination of 
chlorophyll-a in the presence of phaeophytin-a (APHA,1980). 
Cells were macerated in a tissue grinder containing 2 ml 
of 90% acetone. The extract (8 ml) was subsequently cen¬ 
trifuged at 10,000 RPM for 5 minutes and then analyzed for 
chlorophyll-a (mg/cm substrate) in a Bausch & Lomb spectro¬ 
photometer 21. 
Productivity was determined as the rate oxygen was 
produced by algae colonizing tubular substrates. Dissolved 
oxygen (DO) was monitored routinely on each substrate. The 
differential between influent and effluent DO concentrations 
was recorded as substrate productivity* the difference be¬ 
tween primary productivity and community respiration. 
RESULTS 
The protocol was evaluated with regard to its applica¬ 
bility as a monitoring tool for routine diagnoses of stress 
and nutrient enrichment in lotic waters. The various tests 
were intended to assess the procedure's capacity to respond 
consistently to nutrient enrichment and aluminum toxicity. 
The response of the substrate community to such conditions 
is described. Following these results, a discussion of the 
data will revolve on general findings as they pertain to 
the limits of resolution, reproducibility and sensitivity 
of the technique. 
5*1 Fort River Assay 
Fort River substrate primary productivity (02 produc¬ 
tion) above and below the sewage treatment facility outfall 
during the sampling period (August to September-80), is 
presented in table 2. The differences between the average 
influent and effluent dissolved oxygen values were recorded 
in mg/l and converted to ug/sec and mg/m /hr for comparison 
with associated assays and referenced research. 
A 1.8 fold enhancement in 02 evolution (7.45 vs 4.22 
ug 02/sec) by the downstream substrate community was 
attributed to elevated nutrient levels. The range of 02 
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production in the substrates, 15.5-133 mg 02/m2/hr (X=93) 
proved comparable to values reported byi Odum (1957) 16.7- 
1800 mg 02/m2/hr; Phinney & MeIntire (1965) 104 mg 02/m2/hr 
and 3ott et al (1978) 25.9-380 mg 02/m2/hr. 
Although the variation in productivity over the test 
period was highly significant (Table 3), all substrate 
communities fluctuated in a similar pattern (Fig. 6). An 
analysis of covariance, water chemistry and a graphical 
representation of the variation in algal productivity are 
depicted in tables 3> 1 and figure 6, respectively 
5*2 Laboratory Copper Bioassay 
Adaptation of the field protocol into a condensed 
laboratory version was effected in an assay during Febru- 
ary-82. Table 4 represents the results of a 22 hour bioas¬ 
say utilizing vertically hung glass tubing units colonized 
with a unialgal population. Tubes colonized with 
Ankistrodesmus falcatus were exposed, in duplicate to 5 
copper concentrations, ranging logarithmically from .001 
to 10 ppm, and a control. A randomized complete block 
design, 2 way classification, analysis of variance (Table 
5) indicated a significant difference between substrates 
prior to copper treatment. Substrate replicability was 
greatly improved over field measurements but was decep¬ 
tively presented by AN0VA due to the limited sampling 
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sequence. A ~3^ reduction in variability was evident in a 
comparison of the coefficients of variation between labora¬ 
tory (16.?%, table 5) and field (29.4-%,table 10) substrates 
prior to copper exposure. At the close of the test, there 
was a statistically significant variation due to treatments 
and sample times but not between duplicates. After compar¬ 
ing the treatment means with the control (Dunnett's proce¬ 
dure, lc55 two tailed test at the 5* level) before and after 
exposure, however, the data show that only treatment 3 
viable - varied significantly from the control, accounting 
for the ANOVA treatment source of variation. Productivity 
for all treatments increased after 8 hours, but a compari¬ 
son cf mean C~ evolution values before and after copper 
exposure disclosed a decrease in productivity for treat¬ 
ments 2, 3, - and no change in treatment 1 and an increase 
in the community exposed to 10 ppm. 
5.3 laylor Brook Field Assay 
Ihe substrate community response to coal leachate 
seepage was analyzed during the spring of 1982. Oxygen pro¬ 
duction and water temperature at designated laylor Brook 
and tributary stations are tabulated in table 6 and graphi¬ 
cally oresented in figure 8. Light intensity within the 
substrate was measured with a Pasco light meter equipped 
with a submersible fiber ootic probe. At the depth oi the 
22 
substrates (5 cm) light at the stream surface was attenua¬ 
ted 40% and 60% inside the substrate. Levels, standard de¬ 
viations and number of analyses performed for specific 
parameters at test and control stations are presented in 
table 7. 
A 10 liter carboy positioned above the substrate fun¬ 
nels was substituted for the weir to improve flow rate 
calibration. The increased pressure head was established 
only during substrate sampling. Normally a flow rate of 
3 ml/sec was maintained by funnel deflection of the stream 
through the substrate. Oxygen production was measured dur¬ 
ing flow rate augmentation (Fig. 4). A range was establish¬ 
ed (4-10 ml/sec) where flow rate variations exerted little 
effect on the DO differential. The flow rate was adjusted 
to 6 ml/sec prior to each sampling sequence. 
Primary productivity (4.5 ug O^/sec) prior to transfer 
was dramatically reduced 85% in 5 days and subsequently 
eliminated after 10 days. A randomized complete block 
design, 2 way classification, analysis of variance (Table 
8) revealed no significant difference between substrates 
prior to exposure in Taylor Brook. A nested, split-plot 
analysis of variance after the transfer of one set to the 
test station, revealed a significant difference between 
stations but no difference within substrate replicates. 
Chlorophyll-a content and algal community composition are 
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delineated in figures 9 & 10, respectively. Tube sections 
were excised weekly from comparable substrate areas, but 
not from the same general segment. Because the substrates 
developed a biomass gradient, decreasing from upstream to 
downstream end, the data permit comparisons between tubes 
at any one time but not within time. Test substrate chlor- 
ophyll-a content was a tenth of control values, whereas a 
similar but less pronounced (J) reduction in cell counts 
parallelled the drop in 0^ evolution. The most pronounced 
change was due to the persistence of Anabaena sp., 
Gomphonema sp. and Tabellaria sp. at roughly the same pop¬ 
ulation densities. 
Microscopic examination of test and control algal 
communities revealed the elimination of diatom and cyano- 
phyte motility at the test station, though cell conforma¬ 
tion remained comparable in both communities. 
5*^ Taylor Brook Acute Laboratory Assay 
Additional laboratory analyses were performed during 
May-82. Stream water collected from the tributary of Taylor 
Brook was delivered through six glass coils for periphyton 
colonization. One set was maintained as a control while the 
other received Taylor Brook water. During the test period, 
O2 evolution was measured 9 times (Table 9)» After 40 hrs 
the control and test community productivity increased 11% 
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and dropped 12%, respectively. Prior to exposure to Taylor 
Brook water, the algal substrate C>2 production (.5-1.0 
ug/sec) was monitored 3 times over a 1.5 hour period. The 
reproducibility among each substrate and the replicability 
between substrates were greatly improved over field mea¬ 
surements as in 5*2 • The variability between coils, how¬ 
ever was again deceptively exaggerated due to the low num¬ 
ber of samples taken. A nested split-plot analysis of vari¬ 
ance (Table 10) indicated no variation among substrates. 
5.5 Taylor Brook Assayt Alternating Light/Dark Periods 
During July-82, 0^ production was monitored during 
alternating light/dark periods in algal tube communities 
situated in Taylor Brook and its tributary (Table 11). 
This assay facilitated the determination of periphyton 
respiration and its response to Taylor Brook toxicity. 
After colonization of two substrates in the tributary, one 
was transferred to Taylor Brook. Dissolved oxygen was 
monitored in 1-5 minute intervals during the transition 
between light/dark phases. A period of at least 20 minutes 
was required to achieve a maximum measure of respiration. 
Oxygen evolution and community respiration ranged from 
3 to 6 ug/sec and 1 to 2 ug/sec, respectively. 
At the close of the test period (8/11, 14 and 16) 
respiration was masked by effluent dissolved oxygen values 
25 
exceeding influent values. On 8/16/82, purging the substrate 
(regulating a faster flow) prior to occluding light, appear¬ 
ed to correct the situation. The elimination of 0 produc- 
tion was similar to that of previous assays, while community 
respiration exhibited no inhibition (Fig. 11). 
The extent to which algal respiration contributed to 
community respiration could not be determined. However, 
prior to transfer to Taylor Brook, the tube community gen¬ 
erated a distinctly autotrophic p/R ratio (3-4). 
The algal tube community was dominated by Oscillatoria 
sp., Navicula sp., Achnanthes sp., Gomphonema sp., 
Bulbochaete sp. and Anabaena sp.. Percent composition and 
chlorophyll-a content are presented in tables 12 and 13. 
5*6 Taylor Brook Chronic Laboratory Assay 
During the month of October-82, the effect of mineral 
acidity versus aluminum toxicity on periphyton productivity 
was analyzed in the laboratory. Due to the previously de¬ 
monstrated low variability in productivity within the 
glass substrates, the assay was limited to two coils to 
minimize the required volume of water and to lessen the 
degree of dissolved oxygen determinations. The communities 
response to control, test waters and acidified control 
waters is presented in table 14 and figure 12. The conse¬ 
quence of adding Taylor Brook water to the test coil was 
26 
verifiably similar to that observed in the field. Produc¬ 
tivity (0.9 ug 02/sec) precipitously dropped 78% in the 
first 5 days and more gradually to 94% after the second 5 
days. The control coil upon receiving acidified tributary 
water (4.4 pH) decreased 82% in 5 days. Respiration rates 
prior to exposure to Taylor Brook water averaged 0.2 ug 
02/sec • After exposure, a 42% decrease in 0^ uptake was 
noted, whereas a 2 fold increase was observed in the con¬ 
trol coil. Similarly, a J8% drop in respiration was detec¬ 
ted upon subjecting the control coil to artificially acid¬ 
ified tributary water. 
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Fig. 2 Location map* Taylor Brook Amherst, Massachusetts, 
depicting control (*) and test stations (t)o 
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Fig, 3 The tubular artificial substrate assembly, as 
constructed in Taylor Brook (A) and the 
Fort River (B). 
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4 6 ® 10 12 14 
Flow Rate (ml/sec) 
Fig. 4 The response of algal substrate community oxygen 
production to flow rate variation in the field. 
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Fig. 5 The response of algal substrate community oxygen 
production to flow rate variation in the laboratory. 
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0 5 10 15 20 
Days 
Fig. 6 Rates of replicate Op production in the Fort River, 
above (A) and below TB) the sewage plant outfall. 
(C: average of A (-) and B (-) ). 
P
ro
d
u
c
ti
o
n
 
(
u
g
/s
e
c
)
 
33 
TIME (hrs) 
Substrate replicates and treatment responses of 
0o production to copper exposures. Treatments 
1-5 represent .001, .01, .1> 1*0 anc* 
ppm copper. 
Fig. 7 
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© 
5 10 1*) 20 25 30 
DATE (May) 
Fig. 8 Rates of average 09 production observed in sub¬ 
strate communities^situated in Taylor Brook (—) 
and the tributary () • 
35 
sns s/2o 5/25 
0*7 c 
Fig, 9 Average chlorophyll-a concentrations of the 
Taylor Brook ( ■ ) and tributary ( ) algal 
tube communities. 
T
«
.t
 
C
o
M
in
l 
ty
/C
o
n
tr
o
l 
C
o
 
36 
2.0 « 
5/’VS2 3/15/82 3/30/82 3/28/82 
1.8 1 
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0.8 
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T««C Copwuntey C«l| Count./c*- Ilnur Su*>*rr.t. 
Fig. 10 Substrate periphyton distributions during four 
sampling periods, (average of 3 replicates)i 
Navicula sp. ( £% ), Achnanthes sp. (OB ), 
Tabellaria sp. (CD ), Synedra sp. ( f|| ), 
Gomphonema sp. (6S3 )> Stigeoclonium sp. ( ■ ) 
and Anabaena sp. ( C3 )• 
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O 
6.0 
4.0 
2.0 
0.C 
-2.0 
7/2! 7/29 8/6 8/14 
DATE (July-August) 
Fig. 11 Average C2 production during alternating light- 
dark periods by algal tube communities in 
Taylor Brook (—) and the tributary (•"•««■). 
P
ro
d
u
c
ti
o
n
/U
p
ta
k
e
 
(
u
g
/s
e
c
j 
38 
rg 
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1.2 
1.0 
0.8 
0.6 
0.4 
0.2 
0.0 
10/10 10/15 10/20 
Date 
110/25 
Fig. 12 Oxygen production and uptake by the algal coil 
communities exposed to tributary (•“•“•")» Taylor 
Brook (-) and acidified tributary waters. 
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Fig. 14 Average diurnal variation in 0 production of 
test (—) and control (—) substrate sets, 
located in the tributary of Taylor Brook. 
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PARAMETER STATION 
Downstream Upstream 
Sewage 
Outfall 
Total Phosphorous 0.030 (.02) 0.025 (.01) 0.31 (.17) 
Nitrate Nitrogen 0.18 (.04) 0.08 (.03) 31.67 (7.43) 
Ammonia Nitrogen 0.20 (.15) 0.20 (.10) 0.28 (.28) 
BOD (5 day) 0.60 (.20) 0.60 (.20) 1.73 (.97) 
Conductivity (umhos) 92 92 - - 
Suspended Solids - - 1.77 (.55) 
Levels (ppm) and standard deviations of selected 
water quality parameters recorded at the sewage 
outfall (Amherst Fields sewage plant record, 
summer 1981) and experimental stations 
(average of 4 analyses). 
Table 1 
DATE STATION WEATHER 
UPSTREAM DOWNSTREAM 
1 2 3 X* x- 1 2 3 X* X" 
8/26 1.3 l.i 2.2 2. •> 1.6 1.5 
4.6 3.1 2.1 3.2 5.6 5.6 
6.2 4.7 4.6 5.2 64.7 7.4 9.0 6.4 8.3 
O
 • 
r^v 
O
 sun 
6/26 0.7 0.3 1.1 1.0 1.0 1.1 
3.5 3.3 3-9 2.e 4.8 4.6 
2.5 1.0 *.3 2.6 
04 • 
CM 2.8 4.8 5.1 4.2 52. e cloud 
6/29 0.4 o.3 0.3 1.3 0.5 0.7 
3.3 3.5 4.6 2.9 5.9 4.6 
1.2 l.i 1.4 1.2 15.5 3.8 3.0 3.2 3-3 41.4 rain 
9/5 0.3 0.3 0.2 1.4 o.e 0.9 
7.7 4.0 6.7 *•5 7.7 5.6 
2.3 1.2 1.3 1.6 20.2 6.3 6.2 5.0 5.8 72.9 rain 
9/6 0.4 0.6 0.6 1.6 1.2 1.5 
8.3 4.4 9.1 5.3 8.3 6.7 
3.3 3.5 5.5 4.1 51.3 8.5 10.1 10.1 9.5 118.7 sun 
9/7 l.i 1.3 1.1 3.0 2.1 2.2 
5.9 4.6 6.3 4.4 3-9 4.8 
6.5 6.0 6.9 6.5 60.8 13.2 8.2 10.6 10.7 133.0 sun 
9/9 1.0 1.0 1.1 1.9 1.8 1.1 
4.6 3.2 3.3 3.0 3.9 4.6 
4.6 3.2 3.6 3.8 47.6 5.7 7.0 5.1 5.9 74.1 sun/ 
colo 
9/11 1.3 1.9 1.8 2.8 2.2 2.4 
5.3 2.7 4.2 3.0 3.5 3.5 
6.9 5.1 7.6 6.5 81.6 8.4 7.7 8.4 8.2 108.1 sun 
9/12 1.3 1.1 1.1 3.1 30 1.9 
4.6 5.3 4.6 2.6 2.9 3.6 
6.0 5.6 5.1 5.6 70.3 8.1 9.6 6.8 8.2 102.0 sun/ 
warm 
9/16 0.9 o.e 0.9 2.5 1.9 1.2 
6.7 6.3 4.8 4.6 5.9 6.7 
6.0 5.0 **.3 5.1 64.1 12.0 11.2 e.o 10.*♦ 130.2 sun 
X m 4.2 52.8 7.5 93.0 
B m 1.9 2.5 
cv m 45# 34# 
Table 2 Oxygen production in the Fort River tubular 
substrates, with corresponding flow rates 
(ml/sec). Recorded as mg/1, converted to 
ug/sec (X*) and mg/m2/hr (X**). 
Analysis of Covariance 
Sources a.f. ss MS p 
1. Station 1 8.6?42 8.67^2 21.71 ++ 
2. Lubes:Station 4 1.1037 0.2760 4.31 ++ 
Lays 9 14.200^ 1.5778 24.66 ++ 
4. Station x Lays 9 1.1660 0.1296 2.02 ns 
5. Regression 1 0.6575 0.6575 10.27 ++ 
6• Error 35 2.2400 0.0640 
Analysis of covariance of oxygen production 
(ng/l) and flow rate (nl/sec) for substrates 
positioned in the Fort River. 
.able 3 
44 
TIME 
(hra) 
Control 
(0.0) 
X J' 
TREATMENT 
1 2 
(0.001) (0. 
X X‘ X 
(Copper concentration pp 
3 4 
01) (0.10) (1.0) 
X' X X* X X* 
a) 
5 
(10.0) 
X X* 
0 3.2 .33 1.6 .27 3.2 .33 3.1 .31 2.7 .43 2.3 .42 
3.2 .33 2.8 .47 2.7 .43 2.3 .42 3.1 .31 3.1 .51 
.3 3.2 .33 1.8 .30 3.1 .31 2.8 .47 2.9 .48 2.2 .37 
3.3 .34 2.7 .43 2.7 .45 2.6 .43 2.7 .43 2.9 .48 
1 4.0 .64 1.7 .28 3.4 .37 2.9 .48 2.8 .47 2.3 .42 
3.2 .33 2.9 .48 2.7 .43 2.6 .43 2.4 .40 2.6 .43 
2 3.8 .62 2.0 .33 3.3 .38 4.8 .80 3.3 .35 2.5 .42 
2.1 .34 3.4 .37 2.3 .42 3.6 .60 3.8 .63 3.0 .30 
3 3.3 .58 2.2 .37 2.1 .33 3.3 .88 4.1 .68 2.7 .43 
2.9 .48 4.0 .67 3.4 .57 4.6 .77 4.6 .77 3.0 .30 
4 3.5 .38 2.0 .33 2.3 .42 3.0 .83 3.7 .62 2.9 .48 
2.8 .46 3.8 .63 2.7 .43 6.7 .78 3.4 .80 3.0 .30 
6 4.5 .74 3.0 .30 2.4 .40 3.4 .90 4.1 .68 2.7 .43 
3.1 .31 3.7 .62 3.1 .32 4.8 .80 4.4 .73 3.0 .30 
• 3.9 .97 3.2 .33 4.2 .70 6.9 1.13 3.6 .93 4.0 .67 
4.0 .66 3.3 .92 3.9 .63 3.4 .90 3.2 .87 3.4 .37 
22 2.6 .43 1.2 .20 1.7 .28 2.0 .33 1.9 .32 1.9 .32 
1.6 .26 3.3 .33 2.0 .33 2.0 .33 1.9 .32 3.7 .62 
Troacoant Moans 
3.4 .35 2.3 .38 3.0 .49 2.8 .46 2.8 .46 2.6 .44 lafora 
Exposure 
2.1 .33 2.3 .38 1.9 .31 2.0 .33 1.9 .32 2.8 .47 After 
Exposure 
Table 4 Oxygen production before (0-1 hr) and after 
(2-22 hr) copper treatment, in duplicate. 
Recorded as mg/l (X) and converted to 
ug/sec (X*). 
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Analysis of Variance 
SOURCES d.f. SS MS F 
BEFORE EXPOSURE 
Coil 11 .1820 .0165 14.35 ++ 
Time 2 .0011 .0006 no test 
Error 22 .0254 .0012 
Coefficient of Variation = 16.7# 
AFTER EXPOSURE 
Treatment (Tr) 5 .7341 .1468 15.° U 
Time (T) 5 1.2582 .2516 22.3 ++ 
TrT 25 .2458 .0098 .87 ns 
Error 36 .4082 .0113 
Dunnett ' s Procedure 
Pi 
Control 1 2 3 4 5 
TRMT MEAN .55 .52 .47 .76 .67 .50 
CONTROL - Pi - .03 .08 .21 .12 .05 
d *= t / 2( error MS/# of observations per mean 
d•= 2•7/2(•0113 )/12 
d •= .12 
Table 5 Statistical analyses of 02 generation by 
Ankistrodesmus falcatus exposed to 5 copper 
concentrations and a control. 
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PARAMATER 
cone. 
TEST 
s 
STATION 
CONTROL 
n cone. s n 
Phosphorous 
ortho 0.028 0.021 6 0.034 0.010 8 
total 0.058 0.043 8 0.070 0.033 9 
Nitrogen 
nitrate 0.160 0.018 4 0.130 0.036 3 
ammonia 0.295 0.116 4 0.180 0.110 5 
Suspended 
solids 5.75 — 1 8.75 — 1 
pH 4.49 0.285 7 6.35 0.920 8 
Acidity (C02) 26.7 16.9 7 22.0 19.7 7 
Alkalinity 47.0 22.8 7 76.4 36.1 7 
Hardness 33.9 4.18 7 21.0 2.89 7 
Calcium 28.2 7.95 5 19.0 1.16 4 
Sulfate 42.1 13.9 9 13.6 3.78 9 
Aluminum 3.81 0.888 3 0.024 0.029 4 
Table 7 Levels (ppm), standard deviation (s) and number of 
analyses (n) performed for parameters recorded at 
Taylor Brook test station and the tributary 
control station (May 1982), 
Analysis of Variance 
SOURCES d.f. SS MS F 
BEFORE EXPOSURE 
Time 5 2.6212 .5242 no test 
Tubes 5 1.9639 .3928 • 55 ns 
Error 
Coefficient of 
24 
Variation = 
17.2722 
29.4% 
.7197 
AFTER EXPOSURE 
Time (T) 5 40.9795 8.1959 no test 
Tubes:Station 4 2.4539 .6135 1.17 ns 
Station (S) 1 34.5840 34.5940 8.39 ++ 
TS 5 20.6185 4.1237 no test 
Error 20 10.4687 .5234 
Table 8 Analysis of variance of O2#production by algal 
tube communities in the tributary and after 
transfer to Taylor Brook, 
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Analysis of Variance 
SOURCES d.f. ss MS F 
BEFORE EXPOSURE 
Time 2 .0152 .0076 no test 
Coils 5 .1226 .0245 10.65++ 
Error 10 .0229 .0023 
Coefficient of Variation = 16.9% 
AFTER EXPOSURE 
Time (T) 5 .0200 .0040 no test 
Coils:Station 4 .0577 .0144 3#13 ns 
Station (S) 1 .2434 .2434 36.88 ++ 
TS 5 .0328 .0066 no test 
Error 20 .0914 .0046 
Table 10 Analysis of variance of O2 production by algal 
coil communities in tributary water and after 
exposure to Taylor Brook water (May 1982)# 
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C- Production C>2 Production 
LATE 
time 
Taylor 
Brook 
X X' 
Tributary 
time X X* 
LATE 
time 
Taylor 
Brook 
X X* 
Tributary 
time X X* 
0 .73 4.41 7/30 0 .86 5.16 
_ 
2 .73 4.4l - - 2 .86 5.16 - - 
6 -.08 -.51 • • 5 .20 1.23 • «• 
10 .08 .51 • • 10 .00 .00 • - 
14 -.16 -.97 - - 16 -.04 -.25 - - 
20 -.16 -.97 - - 20 -.20 -1.23 - - 
25 -.20 -1.23 - - 
22 .57 3.43 - - 
29 .41 2.43 - - 24 .82 4.91 - - 
33 .66 3.94 - - 29 .90 5.42 - - 
39 .54 3.25 - - 34 1.02 6.14 - - 
41 1.35 8.09 • • 
44 1.23 7? 37 * * 
0 .67 4.19 8/6 0 1.07 6.39 
2 1.02 6.14 • 2 .82 4.91 - - 
4 .82 4.91 - - 
4 
0
 
0
 . .00 . - 
7 -.04 -.25 • • 6 .04 .25 - - 
11 -.08 — 51 - - 10 -.08 -.51 - - 
21 -.29 -1.73 - - 16 -.20 -1.23 - - 
31 -.20 -I.23 - - 21 -.25 -1.48 - - 
28 -.20 -1.23 - • 
42 1 . IV
J 
0
 
-1.23 - - 35 -.20 -1.23 - m 
43 04 .25 • • 41 -.20 -1.23 - - 
45 .49 2.96 • - 47 -.37 -2.20 - - 
52 .94 5.63 - - 59 -.20 -1.23 - - 
59 1.52 9.10 • - 
61 -.12 -.72 - - 
66 .61 3.68 - - 
73 .66 3.94 - - 
79 .98 5.89 - - 
85 .90 5.42 - - 
92 .86 5.16 - - 
99 .78 4.66 - - 
109 .98 5.89 - - 
7/22 
8/2 
Table 11 Oxygen production during alternating light-dark 
periods (minutes) by algal tube communities in 
Taylor Brook and the tributary. Recorded as 
mg/1 (X) and converted to ug/sec (X*). 
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(*2 Production C'2 Proouction 
DATE Taylor Tributary 
Brook 
time x X* tine X X* 
DATE Taylor Tributary 
Brook 
time X X* time x 
8/10 0 .9^ 5.63 0 .73 4.41 8/11 0 .66 3.94 0 .45 2.71 2 
1. 
.98 5.5? 2 .73 4.4l 2 .66 3.94 2 •45 2.71 4 1.11 6.64 3 .66 3.94 3 .45 2.71 
6 .12 • 72 4 .12 .72 6 .04 .25 5 -.12 -.72 10 .00 .00 13 -.20 -1.23 9 .08 .51 10 -.12 -.72 
17 -.25 -1.48 17 -.12 -.72 14 .16 .97 14 -.08 -.51 
23 -.16 -.97 
25 .41 2.48 19 .70 4.19 16 .37 2.20 17 .61 3.68 
. 86 5.16 22 .98 5.89 21 .49 2.96 22 .61 3.68 
40 .90 5.42 27 .98 5.89 26 .66 3.94 27 • 98 5.89 44 .98 5.89 32 1.11 6.64 31 .53 3.18 
8/13 0 .25 1.48 0 .98 5.89 8/14 0 .41 2.46 0 .66 3.94 
2 
•?2 1.95 2 1.02 6.14 2 .41 2.46 1 .66 3.94 3 .45 2.71 4 .41 2.46 4 .82 4.91 
7 .20 1.23 6 
0
 
<U . 1.23 8 .41 2.46 6 .00 .00 
12 • 20 1.23 10 .04 .25 13 .20 1.23 11 -.12 -.72 
17 -.20 -1.23 15 .00 .00 18 02 1.95 20 -.20 -1.23 
19 -.20 -1.23 17 .53 3.I8 25 .20 1.23 
25 .08 .51 25 .82 4.91 31 .12 .72 
30 .12 .72 30 .78 4.66 
8/16 0 • 25 1.48 0 .82 4.91 8/18 0 .00 .00 0 • 73 4.4l 
2 .12 .72 2 1.02 6.14 2 -.12 -.72 2 .61 3.65 
3 • 04 .25 3 .94 5.63 3 -.25 -1.48 3 .82 4.91 
5 .04 .25 5 .08 .51 9 -.08 -.51 9 -.04 -.25 
10 • 00 • 00 10 .20 1.23 15 .25 1.48 15 -.12 -.72 
15 • 08 .51 17 -.08 -.51 20 .04 .25 20 -.20 -1.23 
18 • 00 .00 21 .66 3.94 23 -.25 -1.48 25 .49 2.96 
25 .12 .72 26 .82 4.91 28 .16 .97 30 .70 4.19 
30 .08 .51 29 .82 4.91 38 -.04 -.25 35 .53 3.18 
Table 11 Oxygen production during alternating light-dark 
periods (minutes) by algal tube communities in 
Taylor Brook and the tributary. Recorded as 
mg/1 (X) and converted to ug/sec (X*), 
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GENUS PERCENT COMPOSITION 
DATE 
8/10 8/14 8/16 8/19 
Oscillatoria sp 
Navicula sp. 
Achnanthes sp. 
Tabellaria sp. 
Gomphonema sp. 
Fragelaria sp. 
Bulbochaete sp. 
Anabaena sp. 
44* 18** 59 21 
36 33 18 42 
8 38 3 21 
3 0 1 2 
3 5 15 1 
2 2 0 4 
2 2 4 2 
12 0 
10 12 24 22 
35 37 35 45 
46 41 23 16 
1 0 4 0 
2 4 3 10 
1 4 1 7 
2 1 1 0 
0 6 0 
Table 12 Percent composition of algal tube community 
dominants in Taylor Brook (•) and tributary 
(••) substrates. 
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DATE STATION 
TAYLOR 
BROOK 
TRIBUTARY 
8/10 31.9 35.3 
8/14 28.8 42.7 
8/16 13.6 36.0 
8/19 21.8 34.2 
2 
Table 13 Chlorophyll-a content (mg/m ) on tube sections 
removed from each substrate station during the 
test period (August 1982). 
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DATE STATION TEMP. 
(C) 
TAYLOR BROOK TRIBUTARY 
Production Uptake Production Uptake 
x x • x x • P/R x x* x x* P/R 
10/11 5.4 .90 1.2 .20 4.5 5.7 .95 1.7 .28 3.4 23 
10/12 5.5 .92 - - - 6.4 l.io 
Exposure to Taylor Brook water 
10/12 3.2 .53 2.0 .33 1.6 6.1 1.02 2.1 .35 2.9 
10/13 3.2 .53 0.9 .15 3.5 7.1 1.18 1.6 .27 4.4 
10/14 1.9 .32 1.4 .23 1.4 7.1 1.18 1.9 .32 3.7 27 
10/15 1.8 .30 1.4 .23 1.3 7.8 1.30 1.8 .30 4.3 28 
10/16 1.2 .20 1.2 .20 1.0 6.7 1.12 1.6 .27 4.2 
10/18 1.4 .23 1.0 .17 1.4 6.5 1.08 1.6 .27 4.1 
10/19 1.0 .17 1.0 .17 1.0 6.8 1.13 1.9 .32 3.6 
10/20 1.4 .23 0.8 .13 1.8 6.6 1.10 2.5 .42 2.6 
10/21 0.9 .15 0.7 .12 1.3 
Acidified tributary 
6.2 1.03 4.0 .67 1.6 29 
10/21 — _ _ — 7.0 1.17 3.6 .60 1.9 
10/22 0.4 .o? 0.9 .15 0.4 5.6 0.93 2.8 .47 2.0 28 
10/25 0.7 .12 0.6 .10 1.2 1.9 0.32 2.9 .48 0o7 27 
10/26 — — — — • 0.9 0.15 2.5 .42 0.4 
Table 14 Rates of 0 production and uptake, with corre- 
sponding p/r ratios of the algal coil communities 
exposed to Taylor Brook, tributary and acidified 
tributary waters. Recorded as mg/1 (x) and con¬ 
verted to ug/sec (x*). 
DISCUSSION 
Although, the various assays were instituted to in¬ 
vestigate the feasibility of adopting the tubular artifi¬ 
cial substrate as a routine monitoring technique, the data 
justify discussion. Assays will be attended individually, 
with the applicability of the protocol being addressed at 
the close of the discussion. 
6.1 Fort River Assay 
The Fort River assay displayed sufficient sensitivity 
and statistical reliability to recognize cultural eutrophi¬ 
cation. With equal temperature and solar exposures, the 
slight increase in P and N concentrations (Table 1) due to 
the sewage outfall, accounted for a 1.8 fold enhancement in 
downstream substrate productivity. The sporadic outfall 
discharge reflected periods of peak domestic activity 
(dawn, noon and dusk). The application of the tubular sub¬ 
strate technique obviated the need for a rigorous sampling 
regime, since the periphyton provided a "floral memory", 
integrating the summation of the nutrient enrichment over 
time. 
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Variations in flow rate, (limited adjustment capabil¬ 
ities) caused fluctuations in 02 evolution. Lower flow 
rates resulted in greater 02 concentrations (Table 2). The 
diminished surface area to volume ratio (.365 m2/l) permit¬ 
ted substantial dilution of evolved 02 ana consequently a 
much lower DO differential at faster flows. Statistical 
analysis revealed a highly significant regression of 02 
evolution on flow rate (Table 3). The alteration in flow 
rate resulted in a significantly different change in 02 
production. This was adjusted for by an analysis of covar¬ 
iance, which analyzed the variance in 02 production based 
on a standard flow rate. 
While the difference in productivity amoung the tube 
replicates was large, the highly significant variation be¬ 
tween stations was much greater. Figure 6 graphically 
represents the substantial variation over time of both 
communities, demonstrating a daily rhythm, to ”... intrin¬ 
sic oscillations within cells coupled with environmental 
factors.” (KcCaull & Platt,1977). A distinct correlation 
exists between daily variations and meteorological condi¬ 
tions (Table 2). When each substrate value (DO differen¬ 
tial) is plotted (Fig. 6) the individual replicates display 
a consistent rhythm, in spite of the statistically signifi¬ 
cant difference (Table 3)* Regardless of the spatial sepa¬ 
ration, therefore the substrate replicates can be consider- 
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ed an extension of the same community. It is assumed then, 
that the statistical difference between substrate repli¬ 
cates could be attributed to flow rate variation and not 
to asynchronous communities. 
6.2 Laboratory Copper Bioassay 
The applicability of the tubular artificial substrate 
technique in the laboratory was examined through an acute 
bioassay with copper sulfate. Figure 7 permits interrela¬ 
tion of substrate replicates and treatment responses. There 
was no overt variation in 0^ evolution in the substrates to 
the range of copper treatments. Perhaps the high concentra¬ 
tion of nutrient salts (Bolds Basic Medium,1942) competing 
with the copper ion for cell wall binding sites (Fitzgerald 
1963) and continuous lighting (Whitton,1968) reduced copper 
toxicity. 
In all instances, O2 production increased to a maximum 
level in 8 hours. At the start of the assay, DO concentra¬ 
tions varied in the substrate reservoirs and could have 
been responsible for the variations in productivity observ¬ 
ed between treatments (Warburg effect). The increased DO 
differential was attributed to greater diffusion efficiency 
of the evolved oxygen due to the enhanced surface area to 
volume ratio. In the linear tube substrates, the larger 
volume of water contributed a greater extent to O2 dilution. 
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Substrate replicates showed a remarkably similar re¬ 
sponse to the treatments (Fig. 7). However, due to the 
limited sampling sequence prior to copper exposure, ANOVA 
could not accurately indicate the variation between coils. 
Future assays need not increase test water volumes but 
rather measurement frequency to accomodate statistical 
treatment of data. 
6.3 Taylor Brook Field Assay 
Deficiences perceived from the Fort River study were 
rectified in an analysis tracing the effect of mineral 
acidity and associated secondary consequences on the pri¬ 
mary productivity of the lotic phytobenthos in Taylor Brook. 
Wet chemistry analyses suggested that substrate 02 inhibi¬ 
tion was attributed to pH (4.5) and aluminum (3-4 ppm) 
toxicity (Table 7). The extent to which both added to the 
elimination of 02 production can not be ascertained from 
this assay. Laboratory analysis, however, conferred greater 
insight into this problem and will be discussed subsequent¬ 
ly- 
The actual flow rate at the periphyton-stream water 
interface was much less than that at the substrate axis 
(center line). A profile of laminar flow through a pipe 
depicts the flow rate gradient, decreasing from a maximum 
at the center line to 80% of this value at the periphyton 
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surface (Fig. 13)• 
A change in flow rate between 4-10 ml/sec (Fig, 4) 
yielded little effect on 0~ production, whereas flows out¬ 
side this range appeared to restrict 0^ diffusion, Ambuhl 
,:?39f 1961 A- 1962) photographically demonstrated a static 
boundary layer between the substrate-stream water inter¬ 
phase. As velocity decreased, this layer increased, dimi¬ 
nishing gaseous/nutrient diffusion and accounting for the 
decreased C~ evolution at low flow rates. 
Oxygen production was monitored throughout the day on 
5/13/32 to determine if a diurnal rhythm existed (Fig. 14). 
p 
Oxygen generation (38-6* mg/m /hr) proved comparable to 
values recorded in the Fort River (32-93 mg/m^/hr: averaged 
production at each station). Low productivity rates during 
the morning hours was perhaps due to the lower water tem¬ 
peratures (10-1* 0). Despite the warmer late afternoon 
water temperature (18 C) and maximum solar output (9000 
ft-c), C? evolution peaked around midday, suggesting an 
internal regulation in productivity. It does appear, how¬ 
ever, that the productivity peak on 3/17/82 could be attri¬ 
buted to abnormally high water temperature (20 C). 
Light intensity was attenuated 60% within the sub¬ 
strates. However, at the minimum light intensity recorded 
during sampling (6000 ft-c), sufficient light (2400 ft-c) 
reached the periphyton for unrestricted rates of primary 
productivity. (Phinney & Me Intire (1965) cited light 
saturation intensities of 1500 ft-c.) 
In addition to the diurnal pattern, periphyton 
productivity displayed a daily rhythm, alternating in 
high/low periods of 02 production, similar to the Fort 
River assay, but with reduced amplitude (Fig. 8). Consis¬ 
tent meteorological conditions (light and temperature) 
during the midday sampling period minimized amplituainal 
variations. 
Examination of 5 cm tube sections served to identify 
the periphyton community and determine chlorophyll-a con¬ 
tent. Such data helped to describe the community structure 
but the biomass gradient prohibited extrapolation to the 
entire substrate length. Comparisons between substrate 
sections, however, could be performed. The drop in chloro¬ 
phyll (Fig. 9) exceeded the reduction in cell counts 
(Fig. 10), indicating (assuming that only live organisms 
remained attached to the substrate) that the loss in pro¬ 
ductivity was attributable to reduced chlorophyll (as a 
consequence of reduced survival) and to a lesser extent, 
diminished cell efficiency. 
A composition comparison between test and control 
communities indicates that the most pronounced change was 
due to the persistence of Anabaena sp., Gomphonema sp. ana 
Tabellaria sp. • Their dominance was due not to an increase 
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in population densities but to a drop in representation 
(from control levels) of Navicula so. (t)> Achnanthes sp. 
(1/3) * StiAecclcr.iut so. (1/100) and Synedra so. (l/lO}. 
This shift in dominance resulted after 2 weeks exposure in 
Taylor Brook. 
The presence of a cyanophyte below a pH of 5 and the 
narked decrease in algal bictass is contradictory to obser¬ 
vations of Brock (1973)* Muller (1980) cut consistent with 
those of Parsons (1968,, Conroy et al (1976), Kwiatkowski 
i Roff (1976) and Lazarek (1961). 
The reduction in substrate length (7.35 to -.30 m, 
and elateter (1.2f to 0.9 ct ) accounted for a 2-fold de- 
crease in surface area (C.23 to C.l^ wf) and volume (0.79 
to C.y~ 1). However, the surface area to volute ratio cnly 
increased 1C* (O.37 to 0.-1). As a result, the !C differ¬ 
entials retained cotparable to the Fort River values. A 
further reduction in diateter would be necessary to 
increase 1C differentials. 
6.- Taylcr Brock Acute laboratcry Assay 
Periphyton colonized fret tributary control water, ex¬ 
hibited slight inhibition (12*) in production after a 
-C hour exposure to water collected fret Taylor Brook 
(Table 11). This was in agreeter.t with field data, where 
toxicity was only discernible after 2 days (Fig. 3). 
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The algal community was dominated by Anabaena sp. and 
Scenedesmus sp. which seemed to have demonstrated a greater 
productivity than the unialgal population of Ankistrodesmus 
falcatus. Average substrate 02 differentials (4.3 mg/l) 
were li times greater than those of the earlier copper 
assay (2.8 mg/l). 
Comparison of the coefficients of variation between 
the copper (16.7$) and Taylor Brook (16.9%) laboratory 
assays, illustrates the consistently improved performance 
with regard to substrate replication over field measure¬ 
ments (29.4% Table 10\ This reproducibility reflects the 
controlled environment provided by laboratory conditions: 
sustained photoperiod, constant temperature and a more 
manageable sampling procedure. 
6•5 Taylor Brook Assay: Alternating Light/Dark Periods 
The extended testing procedure instituted to measure 
the response of the substrate community under occluded 
light conditions necessitated the employment of one sub¬ 
strate per station. Sampling of this extent would have been 
impractical with replicates. A sequential sampling series 
permitted extended monitoring of 02 production and respira¬ 
tion of two colonized substrates located in Taylor Brook 
and the tributary. A period of at least 20 minutes was 
required to achieve a reliable measure of respiration 
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(Table 14). This does not infer a 20 minute delay in 02 
uptake but the required interval for substrate purging of 
previously evolved 02. 
Productivity inhibition was similar to that of pre¬ 
vious assays but corresponding respiration rates gave lit¬ 
tle evidence of inhibition (Fig. 11). The extent to which 
algal respiration contributed to community respiration 
could not be determined. However, unless the heterotrophic 
community could account for the major uptake of 02 through¬ 
out the assay, the distinctly autotrophic P/R ratio (3-4) 
in the substrate community prior to transfer to Taylor 
Brook would indicate that tube respiration was dominated 
by autotrophs. 
Alternating light/dark periods often resulted in 
elevated 02 production upon illumination, as compared to 
the initial light phase output (Table 14). Reduced levels 
of C>2 and increased C02 concentrations within the envelope 
during the dark phase provided an optimum scenario for 
carbon assimilation and 02 evolution upon exposure to light. 
6.6 Taylor Brook Chronic Laboratory Assay 
Genera of Scenedesmus, Anabaena, Oscillatoria and 
Navicula represent members of the scantly diversified sub¬ 
strate community. Despite the structural difference, the 
response of the laboratory colonized periphyton to Taylor 
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Brook water was comparable to field observations. When the 
control water was amended to a reduced pH of 4.4, it proved 
sufficiently toxic to cause a similar reduction in produc¬ 
tivity, without the high aluminum concentrations observed 
in the test water (Fig. 12). 
Upon a qualitative examination of the coil communities 
at the close of the experiment, it was noted that diatom 
and cyanophyte motility was eliminated after exposure to 
low pH and high aluminum concentrations of Taylor Brook. 
Motility remained, however, in the acidified control com¬ 
munity. Examination of field substrates verified this ob¬ 
servation. The excretion of assimilates has been offered 
as a mechanism for the gliding movement of some algae 
(Harper k Harper,1967)• Perhaps aluminum interferes with 
the gliding mechanism, through impregnating the cell 
plasmalemma, inhibiting plasmolysis (Bohm-Tuchy,i960) and 
thusly excretion. Admittedly, implicating aluminum as the 
sole inhibitor of motility is rather tenuous in light of 
the numerous chemical parameters remaining to be analyzed. 
Nevertheless, recorded lethal aluminum levels do suggest 
this possibility. 
Perhaps both, the increased K+ concentration and 
consequent enhanced mobilization of aluminum as a result 
of coal leachate, were pivotal in eliminating periphyton 
productivity. At the ranges recorded, the aluminum species 
present would be dominated by the toxic Al^ ion 
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(Smith & Hem,1972). The low pH (4.4) and high aluminum 
concentrations (3*8 ppm) present in Taylor Brook are well 
within the range cited as toxic to algae. Bringman and 
Kuhn (1959) determined that the aluminum toxicity threshold 
for Scenedesmus quadricauda is between 1.5-2.0 ppm. Hall 
(1980) observed structural changes in the periphyton com¬ 
munity of Norris Brook, associated with an aluminum con¬ 
centration as low as 0.4 ppm at a pH of 4.0. 
The acute inhibition of 02 production in the test 
community reflects perhaps a competitive inhibition of C02 
fixation due to elevated dissolved oxygen levels (Warburg 
effect,1919). The control water in which the substrate 
community was colonized, possessed a lower DO than the test 
water, to which the community was exposed, on 10/13/82. 
Minutes after the transfer of source waters, 02 production 
immediately decreased (Fig. 12). The DO differential of 
2 ppm between reservoir waters, created suppressed condi¬ 
tions for photosynthesis (55.7-33*1 mg 02/m2/hr) while 
enhancing respiration (15*7-24.4 mg 02/m2/hr). True inhi¬ 
bition occurred 2 days after exposure, similar to previous 
observations• 
Laboratory and field observations revealed sustained 
test community respiration comparable to control values. 
An inadvertent rise in ambient laboratory temperature, how¬ 
ever, stimulated control community respiration without a 
6? 
corresponding rise in the test community (Table 14). 
Further respiratory inhibition was evident upon control 
community exposure to acidified tributary water* A 38% 
decrease occurred after 5 days at a pH of 4.4* Thus, the 
toxicity of Taylor Brook acted upon respiration as well as 
photosynthesis of lotic periphyton. 
CONCLUSIONS 
The trial assays permitted a thorough assessment of 
the tubular artificial substrate technique. The research 
was directed towards determining the practicality of the 
protocol regarding its application to the monitoring of 
lotic water quality. The protocol served as a useful ad¬ 
junct to current toxicological and limiting nutrient stud¬ 
ies and should prove to be most attractive to water pollu¬ 
tion control agencies for its unsophisticated methodology 
and economy. Routine substrate monitoring required no tech¬ 
nical experience and the assembly consisted of easily ob¬ 
tainable, inexpensive materials (l$/substrate foot). Long 
term exposure can be implemented without continued super¬ 
vision and a large monetary loss is not incurred upon 
damage by vandalism. The flexible nature of the lexan 
material made the substrates quite portable and virtually 
indestructible. Colonized substrates plugged with corks 
can be hand carried to various test sites without stress 
to the community. The most attractive feature depends not 
on determining chemical conditions from laborious repre¬ 
sentative water samples but rather incorporating extended 
environmental perturbations into a quantitative biological 
response• 
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The rate of substrate colonization remained consistent 
between assays. Observable growth occured within 1-2 weeks 
and was sufficiently established after 3 weeks. Laboratory 
glass substrates possessed similar colonization rates. But 
when an infusion of brain-heart was added to the culture 
water, the time was reduced to one week. 
Peak 02 production ranged from 120 to 160 mg/m2/hr 
amoung various assays. The DO differentials generated be¬ 
tween substrates varied as did the ug/sec values. However, 
when presented per substrate area (mg/m /hr), productivity 
is similar. A comparison of the DO differentials generated 
in the field and laboratory, yielded a 4 fold increase of 
DO concentrations in smaller diameter substrates as a re¬ 
sult of an enhanced surface area to volume ratio. Detection 
of stress based on changes in evolved 0^ would prove more 
sensitive with higher DO differentials. Results from the 
Taylor Brook field and laboratory assays demonstrate the 
consequence of reduced DO differentials. Results show that 
02 production was not entirely inhibited in the laboratory 
phase (Fig. 12) unlike in the field (Fig*. 8 & 11). Though 
in both assays productivity responded similarly to toxicity 
the smaller field DO differentials may have limited sensi¬ 
tivity. However, the Fort River substrates possessed suf¬ 
ficient sensitivity to transmit an increase in total phos¬ 
phorous (.025-.030 ppm) and nitrate nitrogen (.08-.18 ppm) 
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concentrations, to a 1.8 fold increase in productivity# To 
obtain the maximum sensitivity possible, future field stud¬ 
ies should incorporate substrates with diameters favoring 
increased DO differentials# 
Oscillations in daily productivity were recorded 
throughout the research, establishing an amplitudinal rhy¬ 
thm. Sampling during the Fort River study was performed 
during clear and cloudy conditions# Extreme variations in 
productivity reflected variations in solar radiation 
(Table 2)# The Taylor Brook assay restricted testing to 
days of similar solar capabilities# Although the amplitude 
was reduced, the oscillations remained# Laboratory communi¬ 
ties maintained these oscillations despite constant temper- 
atue and light intensity, suggesting a cellular mediated 
rhythm in primary productivity# Throughout these assays, 
the reproducibility between substrate replicates remained 
significant# Whether proven statistically or displayed 
graphically, the spatially separated algal communities 
behaved as synchronous extentions of the same community# 
Round (1981) emphasized the ability to interrelate 
field and laboratory data# Very seldom can parameters ob¬ 
served under natural conditions, be studied in the labor- 
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atory. The laboratory version of the tubular artificial 
substrate technique permitted further investigation of 
field observations, under more manageable conditions. The 
option to alter physical conditions and amend test waters, 
provided the protocol with the unique dimension to assess 
effectively the biological response to stressed conditions. 
Despite the usefulness of the protocol, it contains 
several flaws that must be addressed. It should be noted 
that the substrate community structure did not support 
extrapolation to the stream bed nor did the inferred produc¬ 
tivity mirror the natural value. Comparison of community 
structure and chlorophyll-a content between substrates 
required extricating 5 cm sections (per sample), thusly 
limiting the number of samples and significance of data. 
The reservoir unit is recommended over the weir for provi¬ 
ding head because fabrication of the later was time con¬ 
suming and vulnerable to stream freshets. 
In any constant-flow system in the laboratory, the 
volume of water required and the stability of dissolved CO2 
and 09 content in the test waters throughout the assay pose 
great problems. Though laboratory flow rates are greatly 
reduced (compared to field rates), large reservoirs are 
required with consistent CO^ and 02 concentrations main¬ 
tained. Discharged substrate inhabitants can not be retain¬ 
ed and a portion of the drop in 02 production can be rela¬ 
ted to a decrease in producers as well as stressed 
72 
behavior# Future research should quantify the discharge of 
tube colonizers upon exposure to stressed environments, 
inorder to justify productivity inhibition solely as a 
response and not to a reduction in numbers# 
The technique gained little merit as a quantitative 
implement of community structure. However, its versatility 
in assaying cultural eutrophication, pH and heavy metal 
toxicity, exhibited promise as a sensitive, inexpensive 
tool to routinely evaluate lotic environments, in the 
field as well as in the laboratory# 
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